The centrosome modulates spindle formation and plays a critical role in guiding proper segregation of chromosomes during cell division. Centrosome aberrations, frequently seen in human tumors, may cause abnormal chromosome segregation and contribute to malignant transformation. To explore the components of the centrosomes, we previously identified a novel centrosomal protein called Su48. To further characterize the Su48-containing protein ensemble in the centrosome, we performed yeast twohybrid screens and isolated a number of Su48-interacting molecules, including the centrosomal protein Nde1. Here, we demonstrate that Su48 can associate with Nde1. Moreover, we found that Nde1 is subjected to phosphorylation in vivo. In particular, we identified six putative Cdc2 phosphorylation sites in Nde1 and found that alteration of these sites diminishes phosphorylation by Cdc2 in vitro and affects the stability of Su48-Nde1 interactions and the centrosomal localization of Nde1. Ablation of Nde1 by gene specific small interfering RNA causes mitotic delay and cell death, coupled with a modest decrease in the incidence of the cells that harbor excessive centrosomes. Collectively, our findings indicate that Nde1 can form a protein complex with Su48 in the centrosome and plays an important role for successful mitosis.
Introduction
The centrosome functions as the major microtubuleorganizing center (MTOC) and plays a dominant role in determining the assembly of the bipolar mitotic spindle in the vast majority of animal cells (Doxsey, 2002; Wang et al., 2004) . Centrosome abnormalities frequently lead to monopolar or multipolar spindles. It is thought that such mitotic defects result in unequal distribution of the chromosomes and thus contribute to cancer development. Indeed, a large variety of tumors demonstrate centrosomal aberrations, including excessive number of centrosomes or disorganized centrosome structures (Pihan et al., 1998; Lingle and Salisbury, 1999; Sato et al., 1999; Lingle and Salisbury, 2000) . In addition, centrosome defects can be detected at relatively early stages of oncogenesis and progressive accumulations of aberrant features correlate with progression of malignancy (Ghadimi et al., 2000; Pihan et al., 2001; Shono et al., 2001) .
In order to understand the mechanisms that govern centrosome behaviors, we sought to identify the components of the centrosome and to determine the protein interaction network within this subcellular organelle. We recently identified a novel centrosomal protein called Su48. Su48 is localized to the centrosome via a domain that contains a unique coiled-coil motif (Wang et al., 2004; Wang et al., unpublished results) . To extend our knowledge of the functions of Su48 during mitosis, we carried out yeast two-hybrid screens to identify proteins that can associate with Su48. We found that Su48 can interact with the centrosome localized protein Nde1, also known as NudE (Efimov and Morris, 2000; Feng et al., 2000) .
Nde1 was initially isolated as a homologue of one of the Nuclear Distribution genes (Nud), which are essential for distribution of nuclei in the filamentous fungus Aspergillus nidulans. In higher organisms, Nde1 has been implicated in playing a role in microtubule organization as well as in neuron migration during brain development (Feng et al., 2000; Feng and Walsh, 2004) . For example, over expression of a dominant negative form of mNde1 disrupts the normal lamination of the anterior central nervous system in Xenopus embryos (Feng et al., 2000) . Moreover, Nde1 knockout mice are characterized by a phenotype of small brain mass resulting from defects in development of the cerebral cortex (Feng and Walsh, 2004) . Both mammalian Nde1 and its homologue protein Ndel1 can directly interact with cytoplasmic dynein, a microtubule-dependent motor protein (Niethammer et al., 2000) . In addition, Nde1 can also form a complex with Lis1, a protein that binds to dynein and dynactin and plays an important role in brain development (Efimov and Morris, 2000; Faulkner et al., 2000; Feng et al., 2000; Niethammer et al., 2000; Sasaki et al., 2000) . Notably, in the mouse model, Nde1 deficiency appears to alter mitotic spindle assembly and chromosome segregation (Feng and Walsh, 2004 ).
In the current study, we have examined the association between Su48 and Nde1 by co-immunoprecipitation analyses and identified the domain of Nde1 involved in binding to Su48. We provide evidence that Nde1 can be phosphorylated and that such modification of Nde1 can influence its centrosomal localization, as well as its interaction with Su48. Furthermore, we investigated the role of Nde1 in mitosis by small interfering RNA (siRNA) knockdown or ectopic over expression of Nde1. In particular, we assessed the potential influence of Nde1 on centrosome supernumerary states. Our findings suggest that Nde1 and Su48 constitute a component of the centrosome and that Nde1 plays an important role during mitosis.
Results

Identification of Nde1 as a Su48-binding protein
In order to extend our understanding of the function of the recently identified centrosomal protein Su48 (Wang et al 2004; Wang et al., unpublished results) , we sought to isolate and identify Su48-interacting molecules by the yeast two-hybrid screening method. The full-length Su48 was used as the bait to screen a HeLa cell cDNA expression library. From a total of 1 Â 10 6 transformed cells, 41 positive clones were obtained. One of the Su48-binding molecules was identified as Nde1. We chose to follow Nde1 because this protein, like Su48, has previously been found localized to the centrosome.
To confirm that the Nde1-Su48 association occurs in mammalian cells, co-immunoprecipitation analysis was performed using 293T cells transfected with a combination of the FLAG-tagged Nde1 and the HA-tagged Su48 plasmid. We used Su48D9 in this study because this deleted form appears to be more stable, probably due to removal of the Destruction Box in the Cterminus. As shown in Figure 1a , HA-Su48D9 is coprecipitated with FLAG-Nde1. In addition, the GFPtagged full-length Su48 protein also co-precipitates with FLAG-Nde1 (see below in Figure 3 ). We therefore conclude that ectopic Nde1 and Su48 proteins form a complex in 293T cells.
As Nde1 shares a high degree of sequence homology with Ndel1/Nudel, we investigated whether this homologue can also associate with Su48. To this end, the FLAG tagged-Ndel1 was transfected into 293T cells along with HA tagged-Su48D9 and the protein interaction was examined by immunoprecipitation analysis. We found that HA-Su48D9 can be co-precipitated with FLAG-Ndel1 (Figure 1a) , which indicates that Ndel1 can also form a complex with Su48.
We next compared the subcellular distribution of Nde1 and Su48. U2OS cells were transfected with RFP-tagged Nde1 and GFP-Su48D9 and analysed by fluorescence microscopy. As we expected, RFP-Nde1 and GFP-Su48D9 are co-localized in dot-like structures that represent the centrosomes (Figure 1b ). In addition, RFP-Nde1 is also co-localized with g-tubulin, a marker of the centrosome (Figure 1d ). It is noteworthy that GFP-Nde1 is targeted to the centrosomal dots during the interphase or S-phase, but not in the M-phase (Figure 1c and e).
Nde1 associates with Su48 via the C-terminal region
To locate the Nde1 region involved in binding to Su48, we constructed a series of deletion mutants of Nde1 and Su48 associates with both Nde1 and Ndel1. 293T cells were transfected with a combination of HA tagged-Su48D9, FLAGtagged Nde1 or Ndel1, and the empty control plasmid. The deletion mutant Su48D9 contains amino-acid residues 1-315 of Su48. The cell lysate was collected and subjected to immunoprecipitation using the monoclonal anti-FLAG antibody (M2) and the protein G agarose beads. The proteins associated with the antibody were analysed by Western blotting with either the anti-HA (top panel) or the anti-FLAG antibody (middle panel). The protein levels of HA-Su48D9 in the cell lysates were also examined by Western blotting using the anti-HA antibody (bottom panel). (b) and (c) Co-localization of Su48 and Nde1. The GFP-Su48 and the RFP-tagged Nde1 fusion proteins were transiently co-expressed in U2OS. The cells were analysed by fluorescence microscopy. Note that the GFP-Su48 and the RFP-Nde1 proteins are concentrated in dot-like structures (arrowheads) in earlier stages of the cell cycle but not in mitosis. Green: GFP-Su48; Red: RFP-Nde1; Blue: DAPI. (d) and (e) Co-localization of Nde1 and g-tubulin. 293T cells were transfected with GFP-Nde1 and were subjected to immunostaining with anti-g-tubulin antibody. Note that GFP-Nde1 is concentrated in the centrosome in the interphase or S-phase of the cell cycle but not in mitosis. Green: GFP-Su48; Blue: DAPI.
tested their ability to associate with Su48 by immunoprecipitation. Nde1 contains a C-terminal Nde1 conserved domain (NudE-C) and an N-terminal coiled-coil domain that modulates the binding to Lis1. We found that the N-terminal deletion mutants, Nde1D3 and Nde1D4, retain the ability to co-precipitate with Su48 ( Figure 2 ). In contrast, Nde1D1 or Nde1D2, the mutants that lack the C-terminus, cannot bind Su48 (Figure 2 ). Taken together, these results indicate that the C-terminal portion of Nde1, but not the N-terminal coiled-coil domain, is essential for binding to Su48. Interestingly, the C-terminal region is necessary and sufficient to target the protein to the centrosome (Figure 2b ).
Analysis of the structure features of Su48 involved in association with Nde1
We next determined the Su48 structure involved in binding to Nde1. By a similar immunoprecipitation approach, we assessed the association between Nde1 and a series deleted form of Su48. Our earlier studies demonstrated that Su48 contains a coiled-coil domain that plays an essential role in dimerization and localization to the centrosome (Wang et al., unpublished results) . In the current study, we found that small deletions in the C-terminus of Su48 do not affect its interaction with Nde1 ( Figure 3) . However, further deletion in the coiled-coil domain disrupts the Su48-Nde1 interaction ( Figure 3 ). Thus, these results indicate that this structural feature of Su48 is also required for binding to Nde1.
Nde1 is a phosphoprotein
We considered the possibility that some aspects of Nde1 function can also be regulated by phosphorylation. An Earlier study demonstrated that Ndel1/ Nudel, the homologue of Nde1, becomes phosphorylated in the M-phase probably by Erk1, Erk2 or Cdc2 kinase (Yan et al., 2003) . Although it was shown that Nde1 can be phosphorylated by Cdc2 in vitro (Yan et al., 2003) , it is not clear whether Nde1 phosphorylation occurs in vivo. In addition, Nde1 site for phosphorylation was not characterized. We analysed the aminoacid sequence of Nde1 using the Scansite program (http://scansite.mit.edu) at low stringency settings and found a total of six potential Cdc2 phosphorylation sites in the Nde1 protein ( Figure 4a ). To evaluate the importance of these putative phosphorylation sites, two types of mutations, namely Nde1 6mt and Nde1 6pmt , were generated. In Nde1 6mt , all of the serine or threonine residues that may be phosphorylated by Cdc2 were converted to either alanine or valine (Figure 4a ). In the Nde1 6pmt mutants, all the potential phosphorylation sites were replaced with glutamic acid residues, which mimics the effects of phosphorylation.
We first carried out in vitro kinase assays to determine whether Nde1 can be phosphorylated by Cdc2. 293T cells were transfected with either FLAG-tagged Nde1, Nde1 6mt , Nde1D1 or Ndel1 and the cell lysates were subjected to immunoprecipitation with the anti-FLAG antibody. The proteins bound to the antibody were then incubated with purified recombinant Cdc2/Cyclin B and 32 P-gATP. Phosphorylation was evaluated by separating the proteins by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by phosphorimaging. Our results clearly demonstrate that Nde1 can be phosphorylated by Cdc2 in vitro (Figure 4b Co-immunoprecipitation analysis of Su48 and the Nde1 deletion mutants. 293T cells were transfected with HA-Su48D9 in combination with a series of FLAG-tagged Nde1 deletion mutants or the empty vector. Immunoprecipitation was performed using the anti-FLAG antibody (M2), followed by Western blotting using either the anti-HA (top panel) or anti-FLAG antibody (middle panel). Aliquots of the cell lysates were analysed by Western blot using the anti-HA antibody, to confirm that the quantity of HA-Su48D9 is similar in each sample (bottom panel). (b) Schematic representations of the Nde1 constructs used in the study. Nde1 contains an Nterminal coiled coil domain (aa residues 18-188) and a C-terminal NudE-C domain (aa residues 134-333). The region involved in interacting with LIS1 is between amino-acid residues 99 and 150. The putative Cdc2 phosphorylation sites are marked with the arrowheads. The ability of the Nde1 proteins to bind Su48 is indicated (' þ ': binding; 'À': no binding). The subcellular localization of the Nde1 proteins is also summarized (' þ ': in the centrosome; 'À': not in the centrosome).
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Y Hirohashi et al completely ( Figure 4b, left panel) . Notably, the phosphorylation level of Nde1 is higher than that of Ndel1 ( Figure 4b , left panel). We next performed in vivo kinase assays to examine Nde1 phosphorylation levels in the cell. In these studies, 293T cells were transfected with FLAG-tagged Nde1, Nde1 6mt , Nde1D1 or Ndel1, followed by metabolic labeling using 32 P orthophosphate. The Nde1 proteins were collected by immunoprecipitation and the levels of protein phosphorylation were visualized by SDS-PAGE and phosphorimaging. We confirmed that Nde1 can indeed be phosphorylated in the cell (Figure 4b , middle panel). However, the level of phosphorylation was not significantly affected in the mutant forms of Nde1, including Nde1 6mt and Nde1D1 (Figure 4b , middle panel). Thus, whereas Nde1 can clearly be phosphorylated in vivo, phosphorylation can occur on the residues other than the six putative Cdc2 phosphorylation sites.
To explore the biological function of Nde1 phosphorylation by Cdc2, we investigated whether mutation of the phosphorylation sites affect the interaction between Nde1 and Su48. Nde1 6mt appeared to have a higher affinity for Su48 than the wild-type protein in co-immunoprecipitation assays (Figure 4c, lane 4) . Moreover, Nde1 6pmt , which does not co-localize with Su48, demonstrated significantly reduced ability to bind Nde1 (Figure 4c, lane 3) . Therefore, these results indicate that phosphorylation of Nde1 can regulate both its localization to the centrosome and its interaction with Su48.
Consistent with the results of the interaction studies, the phosphorylation-deficient mutant Nde1 6mt co-localizes with Su48 in the centrosome ( Figure 5 ). In contrast, Nde1 6pmt , which carries mutations that mimic phosphorylation, was not present in the Su48-containing dots ( Figure 5 ). Interestingly, unlike the wild-type Nde1, the Nde1 6mt mutant remained on the spindle poles during mitosis ( Figure 5 ), suggesting that phosphorylation of Nde1 causes its displacement from the cnetrosome. Indeed, the Nde1 6pmt mutant was not detected in the spindle poles ( Figure 5 ).
Effects of Nde1 knockdown in HeLa cells
In order to define the role of Nde1 in mitosis, we employed the siRNA knockdown technique to ablate the function of Nde1 in HeLa cells. As anti-Nde1 antibody was not yet available for detection of endogenous Nde1 protein levels, we assessed the effectiveness of RNA interference in a HeLa cell line that has been established to express FLAG-Nde1. We tested three different siRNA duplex designed to target Nde1 and found that all diminished the FLAG-Nde1 protein levels. We believe that the effect was specific for Nde1 because the siRNA duplexes do not significantly alters the expression levels of b-actin or a-tubulin (Figure 6a ).
We then used these siRNA duplexes to abrogate the endogenous Nde1 protein in HeLa cells. Transfection of Nde1 siRNA reduced cellular proliferation rates in a consistent manner (Figure 6b ). This phenomenon is accompanied with an increasing number of cells that are lifted in the medium, indicating that some cells die following knockdown of Nde1 (Supplementary Figure  1S) . We evaluated the rate of cell death by Trypan blue exclusion assay and found that Nde1 knockdown indeed causes cell death (Figure 6c) .
We sought to reveal the consequence of Nde1 knockdown on cell cycle progression. However, we only observed a slight accumulation of cells in the G2/Mphase of the cell cycle following siRNA transfection, which suggests that progression through the cell cycle may be perturbed (Supplementary Figure 1S) . To examine specifically whether mitosis is affected by RNA interference of Nde1, we assessed the distribution of cells in each stage of mitosis by fluorescence microscopy. Nde1 siRNA knockdown modestly increases the percentage of cells in prometaphase and decreases the ratio 293T cells were transfected with FLAG-Nde1 in combination with a series of GFP-tagged Su48 deletion mutants or the empty vector. Immunoprecipitation was performed using the anti-FLAG antibody (M2), followed by Western blotting using either the anti-GFP (top panel) or anti-FLAG antibody (middle panel). Aliquots of the cell lysates were analysed by Western blot using the anti-GFP antibody (bottom panel). (b) Schematic representations of the Su48 constructs used in the study. The ability of the Su48 species to bind Nde1 is indicated (' þ ': binding; 'À': no binding).
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Y Hirohashi et al of cells in metaphase, anaphase or telophase (Supplementary Figure 2S ). Although these results are subtle, they are consistent with the notion that abrogation of Nde1 causes delay during the early stages of mitosis. As Nde1 is localized to the centrosome, we also investigated whether inactivation of Nde1 by RNA interference can affect the number of centrosomes in HeLa cells. Following siRNA transfection, the percentage of cells with normal (i.e. 1 or 2 centrosomes) or abnormal (i.e. >2 centrosome) numbers of centrosomes was determined. We found that, while Nde1 knockdown did not affect the cells with one or two centrosomes, Nde1 siRNA moderately reduced the number of cells with multiple centrosomes (Supplementary Figure 2S) .
Discussion
We have characterized a protein complex formed by two centrosome-localized proteins, namely, Su48 and Nde1. The assembly of this complex involves the carboxyterminal region of Nde1. In addition, we found that Nde1l, a homologue of Nde1, can also associate with Su48. In earlier studies, Nde1 or Nde1l was found to In vitro phosphorylation of Nde1 by Cdc2. 293T cells were transfected with FLAG-Nde1, FLAG-Nde1 6mt , FLAG-Nde1D1, or FLAG-Ndel1. The cell lysate was subjected to immunoprecipitation using the anti-FLAG antibody. The proteins bound to the antibody were incubated with purified recombinant Cdc2/Cyclin B and 32 P-g-ATP. The proteins were then analysed by sodium dodecyl sulfate-ployacrylamide gel elecrophoresis (SDS-PAGE) and autoradiography. (Middle panel) Nde1 is phosphorylated in vivo. 293T cells were transfected with FLAG-Nde1, FLAG-Nde1 6mt , FLAGNde1D1, or FLAG-Ndel1. The cells were then metabolically labeled using 32 P-othorphosphate. The cell lysates were subjected to immunoprecipitation using the anti-FLAG antibody M2. The phosphorylation levels of the proteins bound to the antibody were analysed by SDS-PAGE and autoradiography. (Right panel) Western blot analysis of the Nde1 or Ndel1 proteins used for the kinases assays. 293T cells were transfected with FLAG-Nde1, FLAG-Nde1 6mt , FLAG-Nde1D1, or FLAG-Ndel1. The cell lysates were subjected to immunoprecipitation using the anti-FLAG antibody M2. The proteins co-precipitated with the antibody were analyzed by Western blot using the anti-FLAG antibody. (c) Analysis of the association between Su48 and Nde1 6mt or Nde1 6pmt mutants. GFP-Su48 was transfected into 293T cells in combination with the FLAG-tagged Nde1, the FLAG-Nde1 6mt , FLAGNde1 6pmt , or the control plasmid. Immunoprecipitation was performed using the anti-FLAG antibody (M2). The proteins bound to the antibody were analysed by Western blotting using either the anti-GFP antibody (top panel) or the anti-FLAG antibody (middle panel). The protein levels of GFP-Su48 in the cell lysates were analysed by Western blot using the anti-GFP antibody (bottom panel). is not present in the dot-like structure that contains Su48. Green: GFP-Su48; Red: RFP-Nde1 fusion proteins; Blue: DAPI.
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Y Hirohashi et al associate with several other centrosomal proteins, including g-tubulin, pericentrin, mitosin, CEP110, TCP-1, SLAP, and the light chain of dynein (Feng et al., 2000) . Collectively, these observations indicate the Nde1-Su48 and the Nde1l-Su48 complexes constitute an element of a large protein ensemble in centrosome. Our studies established that Nde1 is a phosphoprotein in vivo. This finding is consistent with a previous report that both Ndel1 and Nde1 can be phosphorylated in in vitro assays (Yan et al., 2003) . More importantly, we have targeted six putative phosphorylation sites by site-specific mutagenesis and our results clearly demonstrated that Nde1 can be phosphorylated by Cdc2 at one or several of these sites in vitro. Earlier studies found that the closely related molecule, Ndel1, can be phosphorylated by serine/threonine-specific kinases, such as Cdc2 in some in vitro systems (Sasaki et al., 2000; Yan et al., 2003) . Our experiments demonstrated that, compared with Nde1l, Nde1 is the preferred substrate for Cdc2. However, alteration of the Cdc2-sensitive sites had little effect on the overall phosphorylation levels of Nde1 in vivo. Thus, Nde1 can apparently be phosphorylated at other sites, possibly by kinases other than Cdc2. Given that Cdc2 is activated only during mitosis, which occupies a very short period of the cell cycle, it is conceivable that phosphorylation of Nde1 by Cdc2 is transient and occurs merely on a small fraction of the Nde1 species in non-synchronized cells.
The current data suggest that phosphorylation of Nde1 modulates localization of Nde1 to the centrosome as well as the association with Su48. Notably, we found that Su48 is co-localized with the phosphorylationdeficient form of Nde1 to the centrosome, but not with the Nde1 species that carry the mutations persistently simulating the effects of phosphorylation. Moreover, Nde1 appears to become hyperphosphorylated in mitotic cells (Yan et al., 2003) . Consistent with these observations, GFP-Nde1 is localized to the centrosome only during the interphase or S-phase, but not the M-phase. Thus, an accumulating body of evidence suggests that the Su48-Nde1 complex is formed in the centrosome during the interphase and the S-phase and that phosphorylation of Nde1 promotes disassociation of Nde1 from the centrosome during mitosis. It is noteworthy that the putative Cdc2 phosphorylation sites reside in the Nde1 C region, which is required for binding to Su48. As simultaneous alterations of these sites to alanine result in enhanced Su48-Nde1 association, it is plausible that the hypophosphorylated form of Nde1 associates with Su48 with higher affinity.
The finding of physical interactions between Su48 and the Nud proteins provides insights into the biological functions of Su48. First, both Nde1 and Ndel1 can associate with the cytoplasmic dynein (Faulkner et al., 2000) . The Nde1-dynein complex represents an ensemble that modulates migration of the minus-end directed motor proteins along the microtubule network (Yan et al., 2003) . Therefore, the identification of Su48-Nde1 interaction suggests that Su48 is part of the Nde1-dynein ensemble. Secondly, it has been established that the Nud proteins, including Nde1, Ndel1 and Lis1, are essential for neuronal migration in the cerebral cortex (Feng et al., 2000; Sasaki et al., 2000) . Deficiency in this protein complex can cause abnormal retrograde intracellular transportation in the neuron, as well as defects in neuronal migration during the development of the cortex. Thus, it is conceivable that Su48 also plays an important role in the development and function of the brain. Indeed, our previous studies indicated that Su48 levels are significantly higher in this organ than in other organs or tissues.
Our investigations of the function of Nde1 using the knockdown approach suggest that disruption of Nde1 activity limits cell proliferation and delays prometaphase during mitosis. This defect possibly reflects an important role of Nde1 in assembly of the mitotic spindle, as suggested by an earlier study of Nde1 knockout mice (Feng and Walsh, 2004) . It is expected that Nde1 can act upon the cytoplasmic dynein complex, which apparently is critical for proper formation of the mitotic spindle by recruiting critical elements of the centrosome, such as pericentrin and g-tubulin (Young et al., 2000) .
Alternatively, the mitotic delay following Nde1 knockdown may be caused by disruption of the function of Nde1 in the spindle checkpoint control during mitosis. A recent study suggested that both Nde1 and Ndel1 appear to regulate translocation of Bub1 from the kinetochore to the spindle poles in a process that is dependent on the cytolasmic dynein (Yan et al., 2003) . In addition, it has been proposed that such dynamic re-localization of the checkpoint regulators, including Mad1, Mad2 and Bub1, constitute a critical regulation point for initiation of chromosome segregation and exit of mitosis (Howell et al., 2000 (Howell et al., , 2004 . Thus, it is likely that the Nde1-Su48 complex may mediate the mitotic checkpoint control by influencing the activity of the cytoplasmic dynein.
We found that ablation of Nde1 by siRNA knockdown can reduce the percentage of cells that adopt multiple centrosomes. The reduction is modest, readily reproducible and statistically significant. We consider three possible mechanisms that may underlie the observed changes in centrosome number. First, the cells that harbor multiple centrosomes may simply be more susceptible to death caused by disruption of Nde1 function. Secondly, attenuation of Nde1 may affect centrosome duplication. Thirdly, abrogation of Nde1 may result in aggregation of centrosomes, or centrosome clustering, and effectively decreases the number of centrosome in each cell (Quintyne et al., 2005) . In particular, localization of dynein to the mitotic spindle is linked to effective centrosome clustering and the frequency of multipolar spindles (Quintyne et al., 2005) . It will be important to determine if Nde1 can influence centrosome clustering via its association with dynein. Additional experiments are needed to elucidate the role of Nde1 in regulation of centrosome behaviors and to confirm the effects of Nde1 knockdown on centrosome numbers in other cell lines, especially in one that has excessive centrosomes.
As specific antibody is not available for detection of endogenous Nde1 protein, our current analyses of the interaction between Su48 and Nde1 have been largely dependent on co-immunoprecipitation of exogenous proteins in mammalian cell lines. Although these assays do not examine the interactions under physiological conditions, we believe that the Su48-Nde1 interaction is genuine because both proteins can be localized to the centrosome and the interaction appears to be modulated by phosphorylation. We are currently developing antibodies specific for Nde1, which will allow us to validate the association of Su48 and Nde1 protein in future studies.
In conclusion, we have identified and characterized a centrosome-localized protein ensemble consisting of Su48 and Nde1. Our studies have revealed phosphorylation as a mechanism to regulate the centrosomal localization of Nde1, as well as its interaction with Su48.
Materials and methods
Cells, plasmid construction and antibodies
The human embryonic kidney 293T cells and the human cervical cancer HeLa cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS). The FLAG-tagged human Nde1 was constructed in the plasmid pCDNA3.1( þ ) (Invitrogen, Carlsbad, CA, USA). The mutant forms of Nde1, FLAGNde1 6mt (T191V, T215V, T228V, T243V, T246V and S282A) and FLAG-Nde1 6pmt (T191E, T215E, T228E, T243E, T246E and S282E), were created by PCR mutagenesis of the predicted Cdc2-phosphorylation sites using the KOD Hot Start DNA Polymerase (TOYOBO, Osaka, Japan). To establish cell lines with stable ectopic expression of Nde1 proteins, the FLAGNde1, FLAG-Nde1 6mt and FLAG-Nde1 6pmt constructs were also created in the pIRESpuro expression vector (BD Biosciences Clontech, Palo Alto, CA, USA). The EGFPSu48 fusion construct was generated in pEGFP (BD Biosciences Clontech). The HA-Su48D9 construct contains aminoacid residues 1-315 of Su48. The red fluorescent protein RFPCentrin construct (pDsRed1-Centrin) was a kind gift of Dr David Vaux (Sir William Dunn School of Pathology, University of Oxford, UK). The following antibodies were used in immunoprecipitation and Western-blot analyses: the monoclonal anti-GFP antibody (Roche Applied Science, Indianapolis, IN, USA); the monoclonal anti-FLAG antibody (M2) (Sigma, St Louis, MO, USA); the monoclonal anti-HA antibody (12CA5); the horseradish peroxidase (HRP) conjugated anti-mouse Ig antibody (Amersham Biosciences, Piscataway, NJ, USA); the HRP-conjugated anti-mouse kappa light chain antibody (Invitrogen).
Yeast two-hybrid screen The yeast two-hybrid screen was performed as described previously (Wang et al.,. 1998) . The full-length human Su48 cDNA was subcloned into the plasmid pGBT9 (BD Biosciences Clontech) to form an in-frame fusion with the Gal4 DNA-binding domain. The yeast strain HF7c transformed with pGBT9-Su48 was used to screen a HeLa cell cDNA expression library constructed in the vector pGAD-GH (BD Biosciences Clontech). Approximately 1 Â 10 6 transformed clones were screened on histidine-free synthetic medium that contains 10 mM of 3-amino-1,2,4-triazole. The clones that can grow on the selective medium were recovered after 4 days of incubation at 301C. The library plasmids were then isolated and analysed by DNA sequencing.
Immunoprecipitation and Western blot 1 Â 10 6 293T cells were transfected using the FuGene6 reagent (Roche Applied Science). At 2 days after transfection, cell extracts were prepared in the NP-40 lysis buffer (120 mM NaCl, 25 mM Tris-HCl, pH ¼ 7.4, 0.5% NP-40) supplemented with a protease inhibitor cocktail (Roche Applied Science). After clearing the cell lysate by centrifugation, the supernatant was collected and incubated first with 5 mg of antibodies at 41C for 1 h and then with 20 ml of protein-G agarose bead suspension (Invitrogen). The proteins bound to the agarose beads were separated by SDS-PAGE and analysed by Western blot.
Immunofluorescence microscopy
Immunostaining was performed following a previously published protocol (Wang et al.,. 2001) . Cells grown on cover glass were fixed in Buffer 1 (3% paraformaldehyde in phosphatebuffered saline (PBS)) at room temperature for 10 min, followed by permeablization in Buffer 2 (0.5% Triton X-100 in 20 mM Hepes, pH 7.5, and 50 mM NaCl, 3 mM MgCl 2 ) for 2 min. The cells were then blocked in Buffer 3 (Buffer 2 with 0.1% Triton X-100 and 2% BSA) for 15 min, incubated with the primary antibody in Buffer 3 for 30 min, and washed four times with Buffer 2. After incubation with the secondary antibody and subsequent washes, the cells were mounted in VectaShield medium containing 4 0 ,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA) and analysed by fluorescence microscopy. For staining of gtubulin, cells were fixed with cold methanol for 5 min following treatment of paraformaldehyde.
Kinase assay
For in vitro kinase assay, FLAG-tagged Nde1, Nde1 mutants and Ndel1 were transfected into 293T cells and the cell lysates were subjected to immunoprecipitation. The immunocomplex was then incubated at 301C for 20 min in 40 ml kinase assay buffer containing 32 P-g-ATP and purified recombinant Cdc2/cyclin B (New England Biolabs, Beverly, MA, USA). The protein mixture was separated by SDS-PAGE and visualized by autoradiography.
To perform the in vivo kinase assay, FLAG-tagged Ndel1, the wild-type Nde1 and the Nde1 mutant forms were transfected into 293T cells. At 24 h after transfection, the cells were placed in phosphate-free media containing 10% dialyzed FBS and cultured overnight at 371C.
32
P labeled orthophosphate was then added to the medium at a concentration of 1 mC i /ml and the cells were incubated at 371C for 2 h. The cell lysates were subjected to immunoprecipitation. The immunocomplex was then separated by SDS-PAGE and visualized by phosphorimaging. A parallel set of transfection was performed and the Flag-tagged proteins isolated by immunoprecipitation were assessed by Western blot, to confirm that similar amount of Ndel1 or Nde1 proteins were compared.
Small interfering RNA knockdown
The 21-nucleotide siRNA oligonucleotides were synthesized and purified using the silencer siRNA construction kit (Ambion Inc., Austin, TX, USA). Briefly, the DNA oligonucleotide duplex were produced based on the sequence of three non-overlapping regions of Nde1. The T7 promoter (5 0 -CCTGTCTC-3 0 ) was added to the 5 0 end of both the sense and the antisense strand of DNA, whereas the sequence complementary to the T7 promoter was added to the 3 0 ends. The annealed DNA duplex was used for transcription template catalysed by the T7 RNA polymerase in order to generate the sense and the antisense single-strand RNA, respectively. The products of the reaction were then mixed and incubated at 371C overnight to produce double-stranded RNA. The singlestrand-specific ribonuclease and DNase were used to eliminate the 5 0 -overhanging leader sequence and the DNA template. The resulting siRNA duplex was purified and desalted.
Transfection of the siRNA duplex to cells was performed using siPORT Lipid (Ambion Inc.). Briefly, 4 ml of siPORT lipid was diluted in 15 ml of Opti-MEM medium (Invitrogen) and incubated at room temperature for 15 min. The mixture was then combined with 10 ml of 100 mM siRNA duplex solution diluted in 185 ml of Opti-MEM mixture, followed by incubation at room temperature for 10 min. After washing the cells with Opti-MEM medium, the siPORT lipid and siRNA duplex complex was added to the cells and incubated at 371C for 4 h. Finally, the transfection mixture was replaced with fresh medium and the cells were analysed 24-72 h posttransfection. A non-related siRNA duplex was used as control.
Flow cytometry analysis Cells were washed with 1 Â PBS and stained with PBS buffer containing 60 mg/ml propidium iodide (SIGMA) and 100 mg/ml RNase (Roche Applied Science) at 41C for 30 min. Cell cycle analysis was performed using a Becton Dickinson fluorescence-activated cell analyzer and Cell Quest version 1.2 software (Becton Dickinson Immunocytometry Systems, Mansfield, MA, USA). At least 10 000 cells were analysed for each sample. The percentage of cells in different stages of the cell cycle was calculated using the software ModFit LT version 3.1 (Verity Software House Inc., Topsham, ME, USA).
